I. INTRODUCTION

I ON BEAM INDUCED CHARGE (IBIC) is an analysis
technique used to map the electrically active regions of semiconductor devices [1] . An IBIC measurement is performed by rastering an ion beam over the surface of a device. As ions travel through semiconductor material, they create electron/hole (e-/h) pairs in a generation volume frequently characterized as a cylindrical or conical shape. The longitudinal range of the ion corresponds to the length of the generation volume. Lateral straggle associated with the ion corresponds to the radius of the generation volume. As the beam is stepped over the device surface, the position of the beam with respect to the device is correlated with the amount of charge induced in the measurement circuit. In an undamaged device, the IBIC signal is strongest in depletion regions where electric fields induce carrier drift. The signal is weakest in quasi-neutral regions in which carriers diffuse rather than drift, and they have to reach a depletion layer to induce an IBIC signal.
IBIC can be used to identify the location of displacement damage within a device [2] . Unlike device-level metrics of electrical degradation such as increased dark current [3] or reduced gain [4] , IBIC measurements can pinpoint the spatial location of damage relative to a surface map of the device if the defect density within the damaged region is sufficiently high that a change in IBIC signal can be measured relative to the IBIC signal in an area with a lower defect density or no damage. The use of IBIC signal contrast to detect ion-induced damage was first reported by Angell et al. in 1989 [5] .
IBIC signals deteriorate with displacement damage since the population of free carriers is reduced through Shockley-Read-Hall recombination at defect sites [6] . IBIC signal deterioration has been used to investigate ion-induced damage in Si DRAMs [6] , diodes [2] , [7] , [8] , and detectors [9] - [12] . Both light ( ) and heavy ions can be used for IBIC, but localized damage regions are typically imaged with light ion IBIC since light ions cause less displacement damage than heavy ions for a given beam energy.
Electrically active regions and areas of displacement damage can also be probed with an analysis technique known as EBIC, electron beam induced conductivity [13] . EBIC can resolve features on the order of nanometers just under the surface of a device, where the generation volume of e-/h pair creation has a radius of a few nanometers [14] . However, the incident electrons used for EBIC undergo scattering by other electrons (and, to a lesser extent, atomic nuclei) as they traverse the semiconductor material. Each scattering event can change the angle of an electron's trajectory, so the generation volume expands to the order of microns as the electron travels deeper under the device surface [13] .
Both IBIC and EBIC have been used to microscopically image defects in semiconductor devices. In 2007, Simon et al. used 2 MeV proton IBIC to detect damage caused by rastering a beam of 2 MeV protons across nine 100 m 100 m squares on a Si detector with fluences ranging from cm to cm [2] . Contrast in the IBIC signal revealed damage caused by 10 protons m rastered over an area m . EBIC scans of proton-irradiated and silicon-irradiated GaAs solar cells have revealed IBIC signal contrast features on the order of 1 m that are attributed to localized defects [15] , [16] .
IBIC provides better spatial resolution than EBIC for imaging features that are located hundreds of nanometers or more under the device surface [17] . Electrons exhibit more lateral straggle than ions, so the generation volume associated with electrons is wider than the generation volume associated with ions. In [17] , Monte Carlo simulations of ionization associated with particle trajectories are compared for 2 MeV protons and 50 keV electrons to illustrate the difference in generation volumes associated with IBIC and EBIC spatial resolution. The radius of the generation volume for 50 keV electrons is approximately ten times bigger than the generation volume radius associated with the protons.
In this paper, we demonstrate that IBIC can be used to detect localized damage sustained from as few as 1000 ions rastered across a 500 nm 500 nm area, corresponding to an ion density of ions m . The contrast in IBIC signal is presented for 0.25 m areas in which the number of damaging ions is varied from 20 000 to 1000. IBIC signal reduction is also compared for damaged areas in which the number of ions is held constant at 10 000, but the damaged area is varied from 1.0 to 0.1 m . Experimental data show that areas damaged with 200 keV Si ions can be detected at the sub-micron scale using either 60 keV Li ions or 200 keV Si ions for IBIC. The ultimate goal of this research is to push down the limit of damage detection so that IBIC can be used to image the size, shape, and location of electrically active damage cascades caused by a single ion. Not only will these measurements improve the theoretical models that predict long-term electrical degradation for devices exposed to radiation environments, but IBIC detection of single ion-induced damage cascades will have practical use in determining the location of individually implanted ions in applications such as single donor devices [8] , [18] .
II. METHOD AND MATERIALS
Localized damaged regions are detected as changes in IBIC signals before and after ion damage is introduced. A high-resolution IBIC map is generated by scanning the device surface with an ion beam. In our experimental setup, a beam blanker is used to generate ion pulses that are spaced at 40 nm, a distance roughly equal to the beam spot size. Damage is introduced with closely spaced ( 10 nm) pulses of 200 keV Si ions. The pulse duration is adjusted to give an average number of ions per pulse corresponding to a given fluence as the beam is rastered across a small region within the high-resolution IBIC scan area. The detector surface is scanned again with ion pulses spaced at a distance equal to the beam spot size to generate a post-damage IBIC map in which IBIC signal contrast is visible in damaged regions.
A. Detector and Measurement Circuit
The IBIC signal detector is an Si diode fabricated at Sandia National Laboratories (SNL), Albuquerque, NM, USA [18] , [19] . Fig. 1(a) shows an optical image of the detector. The black square shown in Fig. 1 (a) corresponds to a 50 m 50 m area rastered with 200 keV Si to generate the IBIC map shown in Fig. 1(b) . The material layers in this area consist of 25 nm Si N and 7 nm SiO passivation layers over -type Si. Fig. 2 shows the net doping concentrations of the device as simulated using the Silvaco ATLAS program [20] . The outer red ring labeled "anode" in Fig. 1 The detector is biased at 0 V during IBIC measurements, so the width of the depletion region around this pn-junction depends only on the junction's built-in bias. In this work, IBIC scans are performed by rastering the ion beam over a quasi-neutral region corresponding to 80 m to 84 m along the -axis shown in Fig. 2 . Fig. 3 shows an electric-field vector map in the vicinity of damaged areas created near the anode. The electric field is very small within the quasi-neutral region (less than 1 V/cm) where e-/h pairs are generated by ions. The field points away from the surface in the -direction, so holes drift toward the surface and electrons drift away from the surface. Fig. 4 shows the current-voltage relationship of the detector.
A CoolFET preamplifier is used to convert the current pulse caused by ion-induced e-/h pair generation into a voltage pulse [21] . To reduce noise and improve IBIC signal resolution, the preamplifier signal is first input to a SIM965 low-pass filter and then to two SR200 boxcar averagers. The first boxcar is triggered to sample the preamplifier response immediately before the beam blanker is released; this boxcar measures the preamplifier response just before the ion pulse strikes the detector. After a delay of 50 s, the second boxcar samples the preamplifier signal at the height of its response to the ion pulse. The 50 s delay accounts for the rise time of the CoolFET response to the ion pulse. The outputs of both boxcars are input to a SIM980 summing amplifier. The IBIC response is recorded in millivolts as the difference between the boxcar signals. The two-boxcar measurement technique filters low-and high-frequency noise from the preamplifier signal.
B. IBIC Signal and Damage Generation
IBIC scans were performed with 200 keV Si ions and 60 keV Li ions using an A&D Focused Ion Beam system FIN100NI (referred to as the nanoImplanter in this paper) at the SNL Ion Beam Laboratory. The nanoImplanter is a 100 kV machine that can accelerate doubly charged ions to a maximum energy of 200 keV. The nanoImplanter includes an filter capable of switching ion species and energies. The Si and Li ions were supplied from an AuSiLi liquid metal alloy ion source (LMAIS). Areas of increased displacement damage was also generated with the nanoImplanter by rastering 200 keV Si ions across localized regions.
The maximum energy possible with the nanoImplanter for a doubly charged ion (200 keV) was chosen for the Si beam to maximize both the amount of damage created by each Si ion and the depth under the device surface at which damage clusters would occur. The Li beam energy of 60 keV provided the best compromise between maximizing the number of e-/h pairs created by each Li ion and optimizing the fraction of e-/h pairs created at similar depths to the Si damage clusters.
As the ion beam is rastered across the detector during an IBIC scan, each ion generates e-/h pairs and vacancy-interstitial pairs along its track until the ion stops under the device surface. Fig. 5 shows a plot of ionization and vacancy production versus depth calculated with the stopping range of ions in matter code (SRIM) for 10 000 ions of 200 keV Si and 60 keV Li in a structure that represents the detector [22] .
SRIM calculations indicate the projected range of the average 200 keV Si ion is 270 nm with longitudinal straggle of 80 nm and lateral straggle of 60 nm. The projected range of the average 60 keV Li ion is 370 nm with longitudinal straggle of 120 nm and lateral straggle of 110 nm. In both cases, longitudinal straggle means than a fraction of ions continue to generate e-/h pairs and vacancies up to a depth of 400 nm (Si) or 500 nm (Li).
The average 200 keV Si ion generates e-/h pairs and vacancies along its track. A 60 keV Li ion creates e-/h pairs and vacancies over its track. The 200 keV Si ions have an average nonionizing energy loss of 780 MeV-cm g along their track, while the average NIEL value for 60 keV Li ions is 110 MeV-cm g along each ion track. NIEL values are calculated with SRIM using the method described in [23] . Fig. 5 shows that e-/h pair creation and damage generation each peak at different depths for a given ion. For instance, the number of vacancies generated by 200 keV Si ions is highest at a depth of 250 nm, while e-/h pair creation is highest near the SiO -Si interface located 32 nm under the device surface. Carriers generated at a similar depth to the damage clusters are subject to recombination shortly after they are generated. The small vertical electric field shown in Fig. 3 causes electrons generated above defect clusters to drift deeper into the device where they are subject to recombination in the damaged region. Similarly, as holes generated below the defect clusters drift toward the surface, they can recombine in the damaged region. However, since the vertical electric field is small, both carrier types may travel around the damaged region due to lateral diffusion. In addition, lateral diffusion can cause carriers generated in undamaged regions to travel through the damaged regions where they can recombine. Whether carriers generated over undamaged regions diffuse into damaged regions or carriers generated over damaged regions diffuse away from defect clusters, the IBIC signal contrast between damaged and undamaged regions is reduced.
These SRIM calculations indicate that 200 keV Si ions have a smaller generation volume (and, therefore, better spatial resolution) than 60 keV Li ions. However, 60 keV Li ions create fewer vacancies than 200 keV Si ions. Both beams create damage, but Li IBIC scans can be repeated several times before the detector accumulates as much damage as it does from one Si IBIC scan. Increasing the number of IBIC scans improves the statistics for IBIC signal contrast between damaged and undamaged regions since the median IBIC value at each point can be used. The drawback to using a single IBIC scan is that the number of ions in each pulse and the number of e-/h pairs created by each ion are both stochastic processes. Measuring the median IBIC value at each location mitigates uncertainty due to these processes.
III. RESULTS
The high-resolution IBIC maps shown in Fig. 6(a) and (b) and Fig. 7(a) and (b) were generated by rastering a 200 keVSi or 60 keV Li beam across the 4 m 4 m detector areas outlined in green in Fig. 1(b) . The spot size of both beams was 40 nm. The beam blanker pulse length for the 200 keV Si IBIC scan was tailored to produce an average of two ions per pulse with one pulse every 40 nm. Approximately 20 000 Si ions are used for each 4 m 4 m IBIC map, corresponding to an ion density of 1250 ions m ( ions/cm ). 60 keV Li IBIC scans used one ion per pulse every 40 nm, and each 60 keV Li IBIC scan was repeated three times. Table I summarizes the 200 keV Si ion densities used to create damage cascades, the sizes of damaged areas, and the displacement damage dose. Displacement damage dose is calculated as NIEL fluence [24] .
Regions of high-density damage cascades were introduced to the detector by rastering the 200 keV Si beam in 10 nm steps across a 0.5 m 0.5 m area at a pulse rate of 50 ions/pulse to create a localized region damaged by 20 000 ions, corresponding to a ion density of ions m . This process was repeated in three more areas at pulse rates of 25 ions/pulse (10 000 ions), 12.5 ions/pulse (5 000 ions), and 2.5 ions/pulse (1000 ions), corresponding to a range of ion densities of 40thinspace000 ions m to 4000 ions m . Fig. 6(b) ]. The IBIC signal in the region damaged with 1000 ions is difficult to visually distinguish from the signal in the "background" regions that received damage only during IBIC scans. However, an analysis of the average IBIC signal in each of the four damaged regions in Fig. 6(a) and (b) captures the IBIC signal reduction compared to the background, and this is discussed in Section IV. Fig. 7(a) . Fig. 7(b) shows an IBIC map generated from the median values of three 60 keV Li IBIC scans. The damage caused by 10 000 ions is visible in all three areas.
Figs. 6(a) and (b) and 7(a) and (b) all show that IBIC signal reduction extends 200 nm beyond the boundaries of the rastered areas outlined in blue. As the beam is rastered across the detector to generate an IBIC map, carriers generated in an undamaged region may diffuse into a damaged region and recombine, so the IBIC signal is reduced. 
IV. DISCUSSION
IBIC signal reduction is clearly visible in the damaged areas shown in Figs. 6(a) and (b) and 7(a) and (b). In the undamaged regions of the device, IBIC signal strength is proportional to the amount of charge generated by ions [25] . The IBIC signal is reduced in damaged areas because charge diffusing through regions of higher defect density recombines more quickly than charge diffusing through undamaged regions in which the defect density is lower. IBIC signal reduction in the background regions is partially due to carrier recombination in widespread defects caused by multiple IBIC scans, but IBIC reduction between damaged regions is also caused by the recombination of electrons and holes that are generated in undamaged regions but then diffuse through damaged areas where they are subject to recombination. Fig. 8(a) and (b) shows a simple cartoon of carriers generated in damaged and undamaged regions of a detector. In Fig. 8(a) , Fig. 8 . Cartoon of charge induced between the anode and cathode during an IBIC scan. In (a), charge is generated at point in an undamaged device. In (b), charge is generated at between the anode and the damaged region, at within the damaged region bounded by and , and at between the damaged region and the cathode.
charge is generated at a point , and there is no damage between the cathode at point 0 and the anode at point . A damaged region bounded by points and exists between the cathode and anode. Carriers generated within the damaged region will undergo recombination, so the IBIC signal will be reduced. In addition, the IBIC signal in undamaged regions in Fig. 8(b) will exhibit reduction compared with the same regions in Fig. 8(a) as carriers diffuse through damaged regions.
The IBIC signal contrast visible in Figs. 6(a) and (b) can be compared by examining the average IBIC signal in damaged and undamaged regions. Fig. 9 shows the IBIC map generated from the 200 keV Si IBIC scan with two cutlines overlain on the map. Cutline #1 passes through the regions damaged with 20 000 Si ions and 5000 Si ions. Cutline #2 intersects the areas damaged by 10 000 Si ions and 1000 Si ions. For each cutline, the average IBIC signal has been calculated over six regions.
Cutline regions: Fig. 9 shows that the average IBIC signal is highest. At this position, holes may recombine in the two damaged regions between m and the anode, but electrons can drift to the cathode located m away without suffering much recombination. Fig. 9 shows that average IBIC values are reduced compared to background over regions damaged by 1000, 5000, 10 000, and 20 000 ions. The largest IBIC reduction is measured over the region damaged with 20 000 Si ions, and the least IBIC reduction for a damaged area corresponds to the region damaged with 1000 Si ions.
The background region between the two damaged regions from 1.0 m to 2.5 m exhibits lower IBIC values than the background region between 0 m and 0.5 m. Although this region was not purposefully damaged with Si ions, carriers generated within this region are subject to recombination as they diffuse into the nearby damaged regions, so they IBIC signal is reduced. In addition, since the IBIC scans are generated by rastering the ion beam left to right and then bottom to top, the IBIC signal measured at 4 m, 4 m has suffered some degradation compared to the IBIC signal measured at 0 m, 0 m. This position-dependent signal degradation also explains why the normalized IBIC signal is lower in the background region bounded by 3.0 m and 3.5 m than it is in the other two background regions.
The final region of reduced IBIC values from 3.5 m to 4.0 m occurs because unetched passivation layers over this region prevent much charge generation within the Si depletion region.
V. CONCLUSION
Localized regions of IBIC signal reduction are apparent in IBIC maps across a Si detector that has been damaged with ion beam irradiation. IBIC signal reduction can be resolved for damaged caused by as few as 1000 ions of Si rastered over a 0.5 m 0.5 m area. The area of IBIC signal reduction is larger than the area rastered with the damaging ions, indicating that the IBIC measurement is sensitive to e-/h pairs which are generated in undamaged regions but must drift through damaged regions. This is of critical importance to modeling the effects of the localized damage clusters on device operation.
Future work will focus on improving the IBIC resolution so that damage from fewer ions can be detected. A focused ion beam of channeled Li ions would maximize the number of e-/h pairs generated through ionizing processes while minimizing the lateral straggle of incident ions as well as the damage caused by nuclear interactions. The benefit of the channeled Li beam would be threefold Increased e-/h pair generation will increase the IBIC signal in undamaged regions, thereby increasing IBIC signal contrast over damaged regions. Reduced lateral straggle corresponds to reduced generation volume (and therefore improved spatial resolution). Reducing the amount of damage per ion would permit more IBIC scans, providing improved statistics. These three improvements to IBIC measurements will help achieve nanoscale resolution of the IBIC signal reduction caused by damage from a single particle.
